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Introduction
　Cultivation of rice plants in a growing season results in the 
continuous input of organic carbon （C） into paddy soil through root 
exudates and turnover （dead roots or sloughed-off cells）, which is 
frequently referred to as rhizodeposition （Lynch and Whipps 1990; Lu 
et al. 2002a, 2003; Kimura et al. 2004）. The amount of rhizodeposition 
is correlated with above- and below-ground production of rice （Aulakh 
et al. 2001; Lu et al. 2002b） and is possibly influenced by the 
anticipated elevation in atmospheric CO2 concentration （［CO2］）, 
because paddy rice growth has been found to be positively aﬀected by 
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Abstract
　Increasing the concentration of atmospheric carbon dioxide （［CO2］） generally results in enhanced rice 
production. On the other hand, paddy soils can mitigate the increase in ［CO2］ by sequestering organic carbon （C）, 
but these eﬀects have not been quantiﬁed in the ﬁeld. We applied a mass balance method to estimate the amount of 
C translocation from planted rice to the soil under ambient （control） and free-air CO2 enrichment （FACE） 
conditions by cultivating rice plants （Oryza sativa L. cv. Akitakomachi） in pots filled with two types of soils: 
Andosol and Ultisol （high and low organic C, respectively）. The ［CO2］ in the FACE treatments was maintained at 
approximately 200 µmol·mol－1 higher than that under ambient conditions （δ13CO2 was about －8 ‰） by 
fumigation with pure industrial CO2 （δ13C was about －38 ‰）. The results showed that rice growth increased in 
the FACE treatment using both Andosol and Ultisol, although the eﬀects were not statistically signiﬁcant. Root 
δ13C with Andosol was －27.9 ‰ and －35.9 ‰ under ambient and FACE conditions, respectively, and －27.7 ‰ 
and －36.8 ‰ with Ultisol, reflecting differences in the δ13C of available CO2. In the same manner, soil δ13C 
values after rice cultivation under ambient and FACE conditions in the Andosol surface （0–5 cm） were －22.3 ‰ 
and －22.5 ‰, respectively, and －16.2 ‰ and －16.7 ‰ in Ultisol. Based on these changes, the estimated total C 
input from rice to soil （sum of surface and subsurface, 5–16 cm） was 0.4 to 1.6 t·ha－1 for Andosol and 0.04 to 0.05 
t·ha－1 for Ultisol. These results reveal that elevated atmospheric ［CO2］ did not have signiﬁcant eﬀects on C input 
during one cropping season of rice, due to a relatively small response of rice growth and increased decomposition 
activities of soil microbes. The possibility of longer term C sequestration by paddy soils should be investigated 
further.
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increased ［CO2］ （Kim et al. 2003; Shimono et al. 2008; Hasegawa et 
al. 2013）.
　Rhizodeposition-originated C acts as a labile substance and provides 
an energy source for microbes, and the amount of rhizodeposition 
corresponds to the microbial activities in paddy soils. For example, Lu 
et al. （2002a） conducted 13CO2 pulse labeling of rice under submerged 
conditions and found rapid （within 1 h） incorporation of 13C into soil 
microbial biomass, indicating that rhizodeposition includes C that is 
readily available for soil microorganisms. Rhizodeposition can be a 
major source of methane （CH4） production （e.g., Wassman and 
Aulakh 2000）. Tokida et al. （2011） proved that 40 ％–60 ％ of the 
total methane production in a season originated from C newly 
assimilated by the current-season rice plants. In addition to its short-
term beneﬁts, rhizodeposition of rice may also have long-term impacts 
on paddy soil organic C storage. For example, previous studies reported 
that 2.1 ％ to 11.5 ％ of total organic C can be replaced with newly 
input C through rhizodeposition during a rice-growing season （Li and 
Yagi 2004; Beak et al. 2011）. Furthermore, this newly input C may 
further impact the decomposition rates of recalcitrant native soil organic 
C （Li and Yagi 2004; Cardon et al. 2001）. The response of soils of 
newly input C and sequestration to elevated CO2 in various ecosystems 
has been the focus of several studies （e.g., Pendall et al. 2004; Jastrow 
et al. 2005; Van Groenigen et al. 2006）, but the eﬀects on paddy soils 
have not been studied extensively. The potential for long-term organic 
C storage in paddy soils may be relatively high due to submergence of 
soil during the cultivation period and the consequent slow 
decomposition rate of organic matter （Rui and Zhang 2010; Sahrawat, 
2012）. Suggestions for better paddy soil management practices based 
on the results of ﬁeld studies are critical to maximize the capacity of 
soil C storage and to mitigate increasing CO2 （Lal 2004; Jastrow et al. 
2007; Smith 2008）.
　Free-air CO2 enrichment （FACE） was designed to evaluate the 
effects of an increased CO2 on plants, as well as on surrounding 
environmental components, including soils, under actual field 
conditions. Some FACE experiments have quantified the amount of 
newly input C through plant rhizodeposition using C isotopic 
techniques （e.g., Leavitt et al. 1994, 1996, 2001; Nitschelm et al. 
1997）. That is, if the CO2 used for fumigation in FACE rings 
includes 13C-depleted CO2 （e.g., 37 to 38 according to Tokida et al. 
2010）, the C isotopic composition of plants grown under FACE 
conditions also shows 13C-depletion, and therefore newly input C 
through plant rhizodeposition can be traced. Because partitioning a C 
pool into old C and newly input C from rhizodeposition is based on 
isotopic changes and mass balance that requires a minimum diﬀerence 
of 5 ‰ between the δ13C of original soil C and plant assimilated C 
（i.e., CO2 in the air） （Ineson et al. 1996; Nitschelm et al. 1997; Li and 
Yagi 2004）, the FACE treatment provides ideal conditions for the 
calculation. On the other hand, the δ13C values of indigenous soil 
organic C and plants grown under ambient （control） conditions are 
usually very similar to each other. In this case, partitioning organic C 
under ambient conditions is often not feasible, and therefore, direct 
comparisons of newly input C amounts for ambient and FACE 
conditions are not possible. Using a C4 planted soil enriched in 13C as a 
growth medium for C3 plants enables us to maximize the diﬀerence in 
the 13C signature between plant-originated C and original soil C, which 
provides a better estimate of C translocation （Ineson et al. 1996; Leavitt 
et al. 2001）. To our knowledge, no such studies have been conducted 
in paddies in an open-air environment.
　We cultivated rice plants in pots ﬁlled with Andosol （indigenous soil 
with a high C content） and Ultisol （exotic soil with a low C content） 
placed in a paddy ﬁeld equipped with a FACE system. Our experiment 
had two primary aims: （1） To estimate the amount of C translocation 
from planted rice to soil. Because both soils were 13C-enriched 
（－22.1 ‰ and －15.7 ‰, respectively, Table 1）, their signals were 
adequately distant from those of cultivated rice tissue. This allowed us 
to apply the isotope mass balance model to calculate the rate of C 
originating from rice-assimilated C. （2） To investigate the eﬀects of 
elevated ［CO2］ on newly input C. Due to previous reports of enhanced 
growth of rice under FACE conditions （Kim et al. 2003; Yang et al. 
2006; Shimono et al. 2008; Hasegawa et al. 2013）, we hypothesized 
that elevated ［CO2］ would increase rice growth, as well as newly input 
C derived from plants as rhizodeposition.
Table 1　 The characteristics of Andosols and Ultisols used in the potted rice 
cultivation experiment
Soil type TOC
（g kg－1）
T-N
（g kg－1）
pH （H2O） pH （KCl）
EC 
（mS·m－1）
Andosols
（n = 6）†
Ultisols
78 ± 15
6.5
4.8 ± 0.9
0.61
5.5 ± 0.1
4.9
4.7 ± 0.1
3.8
11.6 ± 4.2
1.8
† Andosols used in pot cultivation was taken from six separate experimental plots. We used a 
uniformed Ultisols; therefore, we have no standard deviation calculated.
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Materials and methods
Study site and CO2 treatment
　This study was conducted in the 2007 rice-growing season as a part 
of FACE experiments located in Shizukuishi, Iwate, Japan （39°38  ʼN, 
140°57ʼ E）. Mean temperature, total precipitation, and solar radiation 
during the rice cultivation period （May 23 to September 13） in 2007 
were 19.3°C, 982.9 mm, and 14.9 MJ·m－2, respectively. We used the 
same experimental ﬁelds that Tokida et al. （2010） used in their study. 
Brieﬂy, three octagon-shaped 12 m diameter FACE rings were installed 
in the middle of farmers  ʼpaddy ﬁelds （hereafter referred to as FACE）, 
and three control plots of the same size were placed for comparison 
（ambient （Amb））. The study site possessed three blocks, and each 
block included a pair of Amb and FACE sites located randomly in the 
farms. The air ［CO2］ in FACE plots was automatically controlled 
during the day, where it was targeted at 200 µmol·mol－1 above Amb 
using a pure CO2 injection FACE system using irrigation tubes （Okada 
et al. 2001）. The season-long ［CO2］ values for Amb and FACE were 
376 and 568 µmol·mol－1, respectively. The stable isotopic composition 
（δ13C） in ‰ = ［（13C/12C of sample） / （13C/12C of standard） － 1］ × 
1,000, where Vienna Pee Dee Belemnite is the isotopic standard of CO2 
used for fumigation, was distinctly depleted （－37 ‰ to －38 ‰, 
Tokida et al. 2011） as compared with the background atmospheric CO2 
（－8 ‰）. Other detailed descriptions of the FACE site can be found in 
Okada et al. （2001）. Our study used three replicates of four original 
replications illustrated there.
Preparation of pot culture
　Two types of soils were used for rice cultivation in this study: 
Andosol and Ultisol. Selected characteristics of the soils used are listed 
in Table 1. Andosol is the indigenous soil at the FACE site with a 
relatively high organic C content, collected 1 month before 
transplanting and stored wet by covering with a plastic sheet. Ultisol is 
an exotic soil and was collected from a ﬁeld in the Tropical Agriculture 
Research Front, Japan International Research Center for Agricultural 
Sciences, Ishigaki Island （24°22ʼ N, 124°11ʼ E） that cultivated 
sugarcane for more than a decade. The soil was stored under air-dried 
conditions. We chose Ultisol for rice cultivation because of its 
adequately enriched δ13C signature due to long-term cultivation of a 
C4 plant. Pots without any holes （diameter at the top: 16 cm, diameter 
at the bottom: 13 cm; height: 15 cm; and volume: 2.3 L） were ﬁlled 
with these soils and fertilizers were applied by mixing them well into 
each pot at a rate of 0.96 g N （as 0.16 g N of ammonium sulfate, 0.32 
g N of LP70, and 0.48 g N of LP100; LPs are slow-release urea, JCAM 
AGRI. Co., Ltd., Japan）, 3.18 g P2O5 （as fused magnesium 
phosphate）, and 1.60 g K2O·pot－1 （as 0.96 g·P2O5 of potassium 
chloride and 0.64 g·K2O of potassium silicate）. After fertilization, all 
the pots were water-saturated for one night. On May 23, 2007, three 
seedlings together of Oryza sativa L. cv. Akitakomachi were 
transplanted in a pot. Then, the 12 pots were installed to the field to 
make the surface ﬂat with the surrounding soil so that water movement 
was not prevented on the surface and sunlight was not reﬂected on the 
wall of a pot. The whole paddy was waterlogged during the growing 
season without any intermittent drainage.
Sampling and analyses of rice plant and soils
　On September 12, 2007 （days after transplanting: 113）, all the pots 
were retrieved from the FACE site, and rice plants were harvested. 
Panicle number and height were recorded, and aboveground biomass 
and panicles were cut and weighed after drying the biomass in an oven 
at 80°C for 72 h. After weighing, leaves （a few leaves from the top） 
and roots （sub-sampled when aboveground was taken） were separated 
and ground to a fine powder using a ball mill （MM200, Retche, 
Germany） and used in an analysis of δ13C using an isotope-ratio mass 
spectrometer （IRMS） connected to an elemental analyzer （Integra-
CN, PDZ Europa, UK）. The reproducibility of the measurements of 
δ13C were checked using a working reference material was ＜0.1 ‰. 
The working reference material, glycine （δ13C: －31.9 ‰ ± 0.1 ‰）, 
was calibrated against NBS19 for δ13C. 
　After removing aboveground plant samples, the soils that grew rice 
were collected out of the pots and then separated to 0–5 cm and 
5–16 cm using a knife, sieved using a 2-mm opening sieve to produce 
uniformly sized soil particles and to remove visible roots, and preserved 
in a refrigerator at 4°C before analysis. A portion of the soil samples 
was air dried and ground to a ﬁne powder using a ball mill （MM200, 
Retche, Germany） and used in the analysis of δ13C using the IRMS. 
Furthermore, total organic C （TOC） concentration was determined for 
the same soil samples using a CN coder （MT-700, Yanako, Japan）. 
Moist soil samples （10 g） were weighed in a plastic bottle and 
extracted by using 50 mL of a 0.25M K2SO4 solution to determine the 
extractable organic C amount and its δ13C （Dijkstra et al. 2006）. 
Additionally, to measure soil microbial biomass C, moist soil samples 
（10 g） were weighed in a glass bottle and fumigated with chloroform 
vapor in a pressure-reduced desiccator using an aspirator, then extracted 
using a previously described procedure （Vance et al. 1987）. Both 
fumigated and unfumigated extracts were filtered using a qualitative 
ﬁlter paper （ADVANTEC #131, Toyo Roshi Kaisha, Ltd., Japan） and 
the organic C concentration in the extracts was determined using a 
TOC-5000 （Shimadzu, Tokyo, Japan）. The diﬀerence in C amount per 
kg soil between unfumigated control and fumigated soils was 
considered as the soil microbial biomass C （MBC）. Extracts of 
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unfumigated soils were dried to salts in an oven at 60°C for 24 h, 
ground to a ﬁne powder using a ball mill （MM200, Retche, Germany）, 
and used in the analysis of δ13C using the IRMS.
Calculation of newly input C
　We calculated newly input C from rice plants to soil, organic C, and 
extractable organic C by mass balance methods （Balesdent et al. 
1988）, based on the following formula:
　　f plant = （δs–δ0） / （δp–δ0）,
　where f plant is the ratio of soil C that originated from plant assimilated 
C （newly input C, later calculated to percentage, concentration basis, 
and area basis）; δp is the δ13C of plant tissue （root sample in this 
study）; δs is the δ13C of soil organic C or extractable organic C after 
rice cultivation at the harvest time; and δ0 is the δ13C of soil organic C 
（－22.1 ‰ and －15.7 ‰ for Andosols and Ultisols, respectively） or 
extractable organic C （－16.8 ‰ for Ultisols） of original soil （before 
rice cultivation）. To minimize errors associated with this calculation 
based on isotopic changes after a plant growing experiment, the 
diﬀerence in δ13C between initial soil and input C （leaf C in this case） 
should be more than 5 ‰ （Ineson et al. 1996; Nitschelm et al. 1997）.
Statistical analysis
　Data for plant growth （i.e., panicle number, height, aboveground 
biomass, panicle biomass, and leaf δ13C） was statistically analyzed 
using a paired t-test for the eﬀect of elevated ［CO2］. The remaining 
data included the depth eﬀect as soil samples were collected from two 
different depths （0–5 and 5–16 cm）, which were analyzed using a 
split-plot design, using CO2 treatment as the main plot and depth as the 
sub plot. Experimental treatments were replicated three times （blocks 
1, 2, and 3）. We found that the initial soil δ13C of one replicate （block 
1） in the Amb treatment of Andosols （－23.2 ‰） was not signiﬁcantly 
different from root δ13C （－27.9 ‰） and therefore excluded this 
replicate from statistical analysis of newly input C data. This is because 
a mass balance calculation requires a minimum diﬀerence of 5 ‰ in 
the δ13C between original soil C and plant assimilated C （Ineson et al. 
1996; Nitschelm et al. 1997; Li and Yagi 2004）.  To ensure the same 
conditions for Ultisol, the newly input C data gained in the same 
experimental plot （Amb of block 1） were also excluded from statistical 
analysis. Data analysis was conducted using SPSS Statistics 20 （IBM, 
New York, USA）.
Results
Plant growth
　Panicle number, height, and aboveground biomass of rice plants 
were not statistically diﬀerent between the FACE and Amb treatments 
regardless of soil type （Table 2）. However, the FACE treatment 
signiﬁcantly increased panicle biomass grown in Ultisol （P = 0.024, 
Table 2）, and it signiﬁcantly lowered leaf and root δ13C values both in 
Andosol and Ultisol, with about 1 ‰ more depleted 13C in the FACE 
using Ultisol （Table 2）.
δ13C of soil organic C and newly input C
　Soil microbial biomass C （MBC） of Andosol in the 0-16 cm was 
signiﬁcantly greater in the surface soils （P = 0.003, Fig. 1a）, showing 
no signiﬁcant eﬀect of FACE （P = 0.935, Fig. 1a）. On the contrary, the 
MBC of Ultisol was signiﬁcantly aﬀected by the interaction between 
the FACE treatment and depth （P = 0.013, Fig. 1b）. The surface soil 
was not aﬀected by CO2 but signiﬁcantly increased in the subsurface 
layer （Fig. 1b）.
　Neither δ13C nor the concentration of TOC in Andosol after a 
growing season was signiﬁcantly aﬀected by FACE （Table 3）, even 
Table 2　 Rice panicle number, height, aboveground biomass, panicle biomass, leaf δ13C, and root δ13C in a cultivation 
experiment using pots filled with Andosols and Ultisols as affected by elevated ［CO2］. Data are expressed as 
means （n = 3） ± standard deviation. P-values are the results of paired t-tests that examined the eﬀects of elevated 
［CO2］.
Panicle
number
Height
（cm）
Aboveground 
Biomass （g）
Panicle 
Biomass （g）
Leaf δ13C
（‰）
Root δ13C
（‰）
Andosols
Ambient
FACE
P-value
33±2.3
32±1.5
0.225
93.9±2.8
93.3±3.1
0.329
90.6±5.7
89.0±10.9
0.653
48.1±1.9
46.7±2.9
0.302
－27.8±0.2
－37.2±0.5
0.001
－27.9±0.1
－35.9±0.2
0.001
Ultisol
Ambient
FACE
P-value
24±4.2
30±3.1
0.188
83.3±6.2
87.5±2.7
0.171
56.5±3.0
66.2±3.9
0.160
30.0±1.4
35.6±0.9
0.024
－27.6±0.1
－38.2±0.5
0.003
－27.7±0.2
－36.8±0.4
0.002
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though δ13C of TOC in all treatments became 13C depleted by 0.7 ‰ 
of the maximum compared to the initial value （Fig. 2a）. The TOC 
concentration of Andosol was signiﬁcantly high （Table 3, P = 0.022） 
in the deep soil （5–16 cm） compared to that in the surface soil 
（0–5 cm, Table 3）. Soils after cultivation of rice for one season showed 
greater TOC concentrations in all of the treatments （80.5 to 86.7 g 
Figure 1　 Soil microbial biomass C in Andosols （a） and Ultisols （b） as 
aﬀected by elevated ［CO2］ and sampling depth. Data are expressed 
as means （n = 3） ± standard deviation. P-values are the results of 
ANOVA.
Table 3　 The concentration of total organic C in after-harvest Andosols and newly input C （in ％ over total C, g·kg－1, and t·ha－1） 
calculated using mass balance methods as aﬀected by elevated ［CO2］ and sampling depth. Data are expressed as means （n 
= 3） ± standard deviation.
TOC after harvest
（g kg－1）
Newly input C （％）†
Newly input C
（g·kg－1）††
Newly input C （t·ha－1）†††
0–5 cm
　Ambient 82.9±6.5 8.3±0.7 6.8±0.9 0.6±0.1
　FACE 80.5±11.4 8.0±1.1 4.5±2.4 0.4±0.2
5–16 cm
　Ambient 86.7±41.7 9.8±3.3 8.4±2.5 1.6±0.5
　FACE 82.4±12.9 3.3±1.4 2.8±1.5 0.4±0.3
P-values of
　CO2 （C） 0.687 0.063 0.064 0.061
　Depth （D） 0.022 0.475 0.644 0.092
　C×D 0.334 0.230 0.226 0.095
†The data gained from the ambient of block 1 was excluded （see Statistical Analysis section）. 
††Based on the TOC content after harvest and newly input C （％）.
†††Based on the bulk density of the pot soil （0.64 g·cm－3 for Andosols） and rice density on a hectare basis （1.9 × 105 plants·ha－1）.
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C·kg－1, Table 3） compared to the initial soil （78 ± 15 g C·kg－1, Table 
1）. Newly input C in Andosol, expressed as the contribution （％） of 
plant-originated C to soil organic C, ranged from 3.3 ％ to 9.8 ％, 
which was not a significant treatment effect （Table 3）. Similarly, 
newly input C amounts （t·ha－1） for Andosol ranged from 0.4 to 1.6, 
indicating no signiﬁcant treatment eﬀect （Table 3）. 
　Departing from the 13C-enriched initial signature （－15.7 ‰, Fig. 
3a）, δ13C of Ultisol in both Amb and FACE became more 
13C-depleted （Fig. 3a）. The FACE treatment resulted in a more 
depleted value than Amb （CO2 eﬀect: P = 0.072）, and the surface soil 
showed a signiﬁcantly lower value than the deeper soil （depth eﬀect: P 
= 0.004）. TOC concentration of Ultisol was not aﬀected by the FACE 
treatment but was significantly higher in the surface soil than in the 
deeper soil （P = 0.012, Table 4）. Newly input C in Ultisol  ranged 
from 0.04 to 0.06 t·ha－1, showing small values as compared to those of 
Andosol （Tables 3 and 4）. 
　The isotopic signatures of extractable organic C in Ultisol after a rice 
growing season showed more 13C-depletion （average over the Amb 
and FACE treatments in 0-16 cm soil: －18.3 ‰, Fig. 3b） than those 
of total soil organic C （average over the Amb and FACE in 0-16 cm 
soil treatments: －16.2 ‰, Fig. 3a） or those of original extractable C 
（－16.8 ‰, measured before cultivation）. The FACE treatment 
signiﬁcantly （P = 0.029） lowered δ13C of extractable organic C （by 
1.7 ‰ and 0.6 ‰ in 0–5 and 5–16 cm soil, respectively, Fig. 3a）. 
Furthermore, δ13C of extractable organic C in the surface soil resulted 
in signiﬁcantly （P = 0.005） greater depletion （by 2.6 ‰ on average） 
than that in the deeper soil （Fig. 3b）. The FACE treatment did not 
signiﬁcantly aﬀect extractable organic C concentration （Table 5）, but 
soil depth had a signiﬁcant eﬀect on extractable organic C, resulting in 
a greater value in the deeper soil （P = 0.002, Table 5）. The contribution 
（％） of newly input C to extractable organic C was signiﬁcantly higher 
（P = 0.040） in the surface soil than in the deeper soil but showed no 
signiﬁcant FACE eﬀect （P = 0.572, Table 5）. Similarly, the eﬀects of 
FACE on the amount of newly input C （kg·ha－1） was insigniﬁcant （P 
= 0.705）, but soil depth showed a signiﬁcant eﬀect （greater amount of 
newly input C in the surface layer than in the deeper layer, P = 0.018, 
Table 5）.
Figure 2　 Theδ13C of soil total organic C of Andosol. The data 
are not averaged to show the indigenous heterogeneity 
in soil δ13C. The number above the treatments 
indicate replication numbers. Even though initial 
δ13C of soil total organic C were diﬀerent among 6 
experimental plots, cultivation of rice consistently 
depleted δ13C as rice plant tissue δ13C was more 
depleted.
Table 4　 The concentration of total organic C in after-harvest Ultisols and newly input C （in ％ over total C, g·kg－1, and t·ha－1） 
calculated using mass balance methods as aﬀected by elevated ［CO2］ and sampling depth. Data are expressed as means （n 
= 3） ± standard deviation.
TOC after harvest
（g kg－1）
Newly input C （％）†
Newly input C
（g·kg－1） ††
Newly input C （t·ha－1）†††
0–5 cm
　Ambient 6.1±0.3 4.4±2.0 0.27±0.12 0.05±0.03
　FACE 6.3±0.2 5.0±0.1 0.32±0.08 0.06±0.01
5–16 cm
　Ambient 5.5±0.1 1.5±0.1 0.09±0.04 0.04±0.02
　FACE 5.7±0.1 2.2±0.1 0.13±0.02 0.05±0.01
P-values of
　CO2 （C） 0.280 0.860 0.860 0.518
　Depth （D） 0.012 0.160 0.130 0.228
　C×D 0.876 0.705 0.662 0.389
†The data gained from the Ambient of block 1 was excluded （see Statistical Analysis section）.
††Based on the TOC content after harvest and newly input C （％）.
†††Based on bulk density of the pot soil （1.39 g·cm－3 for Ultisols） and rice density on a hectare basis （1.9 × 105 plants·ha－1）.
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Discussion
　We did not ﬁnd a signiﬁcant eﬀect of elevated CO2 on newly input C 
from plants to soil and C accumulation as TOC after one cropping 
season of paddy rice in both Andosols and Ultisols （Tables 3, 4, and 5）, 
which might be attributed to a small response of rice growth to FACE 
（Table 2）. Our results did not show a clear difference between rice 
growth in pots for the Amb and FACE treatments （Table 2）, although 
there was a tendency for increased aboveground biomass in FACE, 
especially in the case of Ultisol （P = 0.160）. FACE experiments for 
japonica rice have conﬁrmed the positive eﬀects of elevated ［CO2］ on 
grain yield （Kim et al. 2003; Shimono et al. 2008; Hasegawa et al. 
2013）. In the year when this experiment was conducted （2007）, 
signiﬁcantly positive eﬀects of FACE were seen on the biomass and 
yield of rice in other experiments in the same ﬁeld （Tokida et al. 2010; 
Hasegawa et al. 2013; Adachi et al. 2014）. The lack of statistical 
significance for the results of this particular experiment may be 
attributed to the limited size of the pot, which could accommodate only 
one hill of a rice plant. 
　Cultivation of rice plants in Ultisol resulted in relatively small 
aboveground biomass production as compared to that using Andosol 
（Table 2）. This indicates a negative effect of low pH of Ultisol and 
lower nutrient （speciﬁcally N） contents supplied from soil to rice in 
Ultisol during the growing season, which is most likely due to the 
much smaller total soil N concentration （Table 1）. Mineralized N 
supply from the indigenous N pool is one of the most important factors 
controlling rice growth （Cassman et al. 1996）. This fertility diﬀerence 
in two types of soils seemed to have no prominent effect on the 
response of rice growth to FACE （Table 2）. On the other hand, the 
Table 5　 The concentration of total extractable organic C in the 0.25 M K2SO4 extracts gained from after-harvest Ultisols and newly 
input C （in ％ over total extractable organic C, mg·kg－1, and kg·ha－1） calculated using mass balance methods as aﬀected 
by elevated ［CO2］ and sampling depth. Data are expressed as means （n = 3） ± standard deviation.
Extractable organic C after harvest
（mg·kg－1）
Newly input C （％）†
Newly input C
（mg·kg－1）
Newly input C
（kg·ha－1）†‡
0–5 cm
　Ambient 137±15 16.9±7.4 22.4±8.4 0.04±0.02
　FACE 141±22 17.7±5.8 24.2±5.2 0.04±0.01
5–16 cm
　Ambient 223±16 1.1±1.5 2.3±3.2 0.01±0.01
　FACE 202±18 2.3±1.2 4.5±2.2 0.02±0.01
P-values of 
　CO2 （C） 0.210 0.572 0.211 0.705
　Depth （D） 0.002 0.040 0.026 0.018
　C×D 0.291 0.491 0.409 0.599
†The data gained from the ambient of block 1 was excluded （see Statistical Analysis section）.
‡Based on bulk density of the pot soil （1.39 g·cm－3 for Ultisols） and rice density on a hectare basis （1.9 × 105 plants·ha－1）.
Figure 3　 The δ13C of soil total organic C of Ultisol （a） and in δ13C 
of soil extractable organic C of Ultisol （b）. The data are 
expressed as means （n = 3） ± standard deviation.
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amount of newly input C in the surface soil was more than 6 times 
greater using Andosol （Table 3） than Ultisol （Table 4）. These results 
probably reﬂect the diﬀerence in aboveground biomass （Table 2）. The 
possibility that the diﬀerence in original organic C contents between 
Andosol and Ultisol affected these newly input C results cannot be 
eliminated. In particular, Andosol showed a much higher organic C 
level （Table 1）, so that isotopic signals that were changed by rice 
rhizodeposition in Andosol were not as sensitive as those of Ultisol. 
Diﬀerences in soil microbial activities between these soil types might 
also have an effect on the amount of newly input C （Fig. 1）. 
Considering the fact that MBC can incorporate plant-originated C and 
change on an hourly basis （Lu et al. 2002a）, our result provides a 
snapshot of MBC at the end of the rice growing season. They did not 
show a consistent effect of elevated ［CO2］, although the MBC in 
Ultisol in the subsurface soil significantly increased in response to 
elevated ［CO2］, probably due to originally low C availability resulting 
in a sensitive response to increased C availability in the FACE 
treatment. Further studies are needed to clarify the role of MBC in C 
storage accumulation and the eﬀects of elevated ［CO2］ combined with 
elevated temperature in paddy soils.
　The estimated newly input C in either forms of percentages, 
concentration basis, and area basis, calculated based on changes in soil 
δ13C, measures only net C accumulation, which is a balance between 
the gross values of input and output （Nitschelm et al. 1997; Beak et al. 
2011）. While gross input of C via rhizodeposition was hypothesized to 
have increased by FACE to a certain extent, we did not ﬁnd signiﬁcant 
statistical diﬀerences in newly input C and TOC after a growing season 
between Amb and FACE in both Andosol and Ultisol （Tables 3 and 4）, 
probably due to increased soil microbial activities that consequently 
stimulated decomposition in response to increased C availability in the 
FACE treatment. Even decreasing tendency of newly input C （ ％, 
g·kg－1, and g·kg－1） in the FACE treatment was observed for Andosols 
（Table 3）. Previous studies reported that FACE treatments signiﬁcantly 
increased paddy soil microbial biomass depending on N fertilization 
（Hoque et al. 2001） and methane emission （Inubushi et al. 2003）. 
Beak et al. （2011） reported increased rice root biomass that increased 
newly input C from plants in submerged soil. They attributed this 
increment to an increased temperature （ca. +3°C） in combination with 
elevated ［CO2］ conditions but no change in the TOC of soil after one 
cropping season. They concluded that increased temperature led to 
increased heterotrophic decomposition of indigenous soil organic C 
based on a soil organic C balance analysis. Li and Yagi （2004） 
reported greater growth of rice in standard N application treatment （90 
kg N·ha－1） and more newly input C （1.8 t·ha－1, 4.1 ％）, than those 
obtained using low N treatment （30 kg N·ha－1）, but they also found 
no diﬀerence in total soil organic C for the two N treatments. However, 
the subsequent incubation experiment of rice-cultivated soil （under 25
°C, volumetric water content 60 ％） revealed that CO2 produced from 
the decomposition of indigenous C was lower in surface soils 
（0–5 cm） than in subsurface soils （5–16 cm）, whereas newly input C 
was greater in surface soils than in subsurface soils. The conclusion 
from these experiments was that paddy soils were capable of 
sequestering more C if more C was input through increased growth of 
rice due to elevated ［CO2］ （Li and Yagi 2004）. While this previous 
study was not conclusive about the effects of elevated ［CO2］ on C 
translocation from plants to soil due to a lack of comparison between 
control and elevated ［CO2］ conditions, our result seems to be the ﬁrst 
report on this issue; that is, we did not observe signiﬁcant FACE eﬀects 
on newly input C （ ％, g·kg－1, and t·ha－1） and total soil organic C in a 
paddy （Tables 3 and 4）. This result may be caused by increased 
decomposition of both indigenous and newly input C under FACE 
conditions during a water-submerged growing season.
　The depleting shift in δ13C of extractable organic C in Ultisol （Fig. 
3b） after one rice growing season may be attributed to the change in 
the source of substrate （sugarcane to rice）. Most soil organic matter is 
derived from sugarcane （C4 species） and only part of the C is from 
rice. Previous studies have observed the same trend, where δ13C shifts 
in extractable C for C4 soils were affected by C3 plant invasions, 
suggesting that the extractable C pool is directly aﬀected by the most 
recent input of plant residues （Dijkstra et al. 2006; Coyle et al. 2009）. 
Supporting this explanation, δ13C of extractable C was always more 
depleted in FACE than in Amb （Fig. 3b）, reﬂecting the depleted δ13C 
value of fumigated CO2 in FACE experimental plots. Comparing the 
percentages of newly input C derived from rice between extractable C 
and TOC, it is clear that extractable organic C has been more 
intensively replaced by newly input C, especially in the surface soil, 
indicating a quicker turnover of extractable organic C than TOC. 
Similarly, Cheng et al. （2007） reported a stronger eﬀect of newly input 
plant residue δ13C on the labile C pool than on the recalcitrant C pool 
and a negative correlation between mean residence time of soil organic 
C and the ratio of labile C to TOC （the more labile C, the shorter mean 
residence time）. Our results also showed that surface soil had more 
13C-depleted but less extractable C, regardless of CO2 treatment （Fig. 
3b）, indicating more active decomposition or formation of microbial 
biomass in surface soils where more microbial activities are exerted 
due the abundance of distributed roots （Beak et al. 2011）.
　In conclusion, C input through rice rhizodeposition ranged from 0.4 
to 1.6 t·ha－1 for Andosol and 0.04 to 0.05 t·ha－1 for Ultisol. Our results 
did not detect statistically significant effects of elevated atmospheric 
CO2 concentrations on C input from plants to soil or C accumulation as 
TOC during one cropping season of rice, probably due to a relatively 
small response of rice growth and increased decomposition activities of 
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soil organic matter. Further studies, including C cycling of paddies in 
fallow seasons affected by elevated atmospheric CO2, are needed to 
better understand the possibilities of C sequestration by paddy soils in 
the longer term.
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